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SUMMABT 



A generalised aelection chart for tubular crosa- 
flow intercooler.8 and a similar ohart for Harrison crosa- 
flow lnterooolera are presented. These chartB make it 
poaaihle to select intercoolers for an/ set of design con- 
ditions and under any limitations on dimensions and pres- 
Bure dropa. They are also useful for showing what changes 
in the characteristics of a given intercooler will improve 
its performance. A number of practical examples are given 
illustrating the use of the charts. In these examples the 
chartB are applied to the selection ef Airesearch tubular 
intercoolers and Harrison copper intercoolers. 



IHTBODUCTIOB 



The fixed quantities in intercooler selection for 
which the values are known constitute the ".design condi- 
tions' 11 These design condition include suoh quantities 
as the mass flow of engine- air, the inlet and -outlet tem- 
peratures of the engine air, the. inlet .temperature of. the 
cooling air, the altitude for which the Intercooler . must 
be choBen, the airplane speed, and so forth. The unknown 
variables for which proper values must be choBen are the 
pressure dropa. .for the engine air. and for the cooling .air, 
the three linear dimensions of the interoooler, the power 
consumption of the interoooler, and the mass flow of . cool- 
ing air. - - 

A method of selecting interooolerB 1b needed that 
properly . takes into account all of the unknown variables 
and shows the effectsof changing any one of the. inter- 
oooler characteristics.- The method must also.be relatively 
easy .to use. : The problem of developing such a method ia 
complicated by the number of unknown variables involved. 
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This problem has been attacked In a ^number of papers, the 
aims of which were, in general, to aet tip a simplified 
procedure to be followed' in selecting intercoolers and to 
clarify the operation- of intercoolers* Some degree of 
sue c ass in solving the problem has been attained; for 
example, references li 2, and 3 present plots of power 
consumption as a function of some of the other intercooler 
variables* These plots not only show some of the effects 
of changing these variables but also reduce the amount of 
calculation involved in the selection of intercoolers* 

■ Beference 4 shows how to construct selection cherts for 
Harrison intercoolers of which the power consumption is a 
minimum for a fixed mass flow of cooling air. The results 
of this paper are valuable In that. they make it possible 

- to calculate the lower limit of power consumption attain- 
able for a given set of design conditions* In reference 5 
generalised equations are derived that describe the per- 
formance of heat exchangers installed in aircraft. 

The purpose of the present paper is to submit inter- 
cooler selection charts based upon the equations developed 
In reference 5 and to illustrate their use. These chartB 
are completely generals as the variables have been. put 
into nondimensional, generalised form. The same- chart can 
therefore be used for any set of design conditions. The 
charts take into account all the intercooler variables* 
The effects of changing any of . these variables can be ob- 
tained from the charts. The charts presented make it com- 
paratively easy to select, for a given set of design con- 
ditions, the intercooler that is most desirable with re- 
spect to dimensions, pressure drops, and power consumption. 

The two types of intercooler for which charts are pre- 
sented are the Harrison type and the tubular type. Each 
chart 1b applicable to any intercooler of similar general 
construction. host of the constant s- that appear in the 
definitions of the generalised variables are functions of 
the internal dimensions of the intercooler, however, and 
these dimensions must be known before the chart can be 
used. In the present report one chart is applied to the 
Harrison finned copper intercooler, the internal geometry 
and dimensions of which are given in figure 1. The chart 
for tubular intercoolers 1b applied to the Airesearch 
aluminum tubular, intercooler, for which the tube arrange- 
ment and dimensions are Bhown in figure 2. Large blue- 
prints of the generalised selection charts (figs. 3 and 4) 
are available, on request, from the national Advisory 
Committee for Aeronautics. 
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In- supplements to., this, report .^theoharts will be 
used in conneotion with intercoolerta of other internal 
dimensions* These supplements will be published when 
sufficient data on dimensions and performance become 
available. 

SYMBOLS 



•Jl ' frontal area of intercooler • square f set ■ 
°i» °o • c a» c 4 empirical numerical constant a 

■ ' 

Cp specific heat of air at constant pressure. British 
thermal unitB per pound per degree Tahranhelt 

°d/°L rati0 of drag coefficient to lift coefficient of 
airplane, dimensionless 

D tube diameter for tubular intercooler. feet 

D>, hydraulic diameter of passage in EarriBon intercooler. 
"fdet ■ • ■ . ■ 

f ratio of open to total frontal area, dimenBionleBS 

g acceleration due to gravity, 32.2 feet per second per 
second 

h coefficient of heat transfer. British thermal unit per 
second uer square foot per degree Fahrenheit 

k thermal conductivity of air, British thermal unit per 

second per square foot per degree Fahrenheit per foot 

Z 1 . K 0 , K 3 , Z 4 constants 

L .length of air paesags. feet 

L n length of intercooler in no-flow direction, feet 

* - ' 

m n center-to-center tube spacing normal to direction of 
air flow, feet 

m_ center-to-center tube spac ing- parallel- to direction of 
air flow, feet 

II weight rate of flow, pounds per second 
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n number of tubes per square foot of lntercooler face 
with ends. of tubes 

p static pressure, inches of mercury 

Ap pressure drop, pounds per square foot 

P power, horsepower 

s effective cooling surface per unit length of tube, 
square feet per foot 

T temperature of air. degrees Jahrenheit 

v volume of intercooler, cubic feet 

7- speed of air, feet per second 

V 0 speed of airplane, feet per second 

u, v, z, y exponents 

e factor to account for weight of intercooler mounting, 
dimensionlesB 

£ mean temperature difference between engine air and 

■ ■ cooling air.d-ivided by initial tejperature differ- 
ence, dimensionleas 

t| duct efficiency. dimensionlesB 

p, coefficient of viscosity of air, slugs per foot-second 

| drop in temperature of engine air divided. .by initial 
temperature difference, dimensionlesB 

p masB density of air, slugs per cubic foot 

p v weight density of intercooler, pounds per cubic foot 

^ ... cte , Pi... P 4 constants 

Subscripts: 

a f low across- tubes 

b flow through tubes 

c cooling air 



s 



at engine air 
t total 
It weight 
out. .outlet- 

L oar over a value indicates a -mean value. 
Constant b: 



1 ObGbV'pS 



E 3 = *o 



3 -y 



X 



a, = (for tuljular-type intercooler) 

1 3-x ° . x ^ o-x 



S P c ^cVc f 



o 



a, = , — — -rrz — — - (for Harrison type intercooler 1 ) 

1 3 — 3C 8 _ 1+X _ E — X * *■ 

« p c f c 



°B = 



_ \ f cM-cg/ p o 



lc C C 3 B C 



tt 4 = 



V4 B e 



2c o P-e 7 
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a = e 5» Tpu 



; 

-a u 0,16 

P x = (3.71 X 10 ) ( for tubular-type intercooler) 



m- 0. 16 . 

8 = (1.94 X 10" ) 6 g (for Harrison type intercooler) 



~ o. a 

10}JL C 

P., = - 



3 lOHa °' S 



P4 = 



^e 



lOp 



Generalized variables'. 



e 



AP 1 = t APa 

a 4 K 3 fc aPe 

El (l c + 460)M e M b 
Ap i _. , A P(j 

i-" 52 *l c ? 0 U e 
Li <= i, L 

L i = hJOjL ^ £ L 



V 



el k l 

b 4 I 



*1V ^ . 

= S,a B U = U e L c I n = VW 



P» = 550 £(P ff + P c ) 
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DISCUSSIOH 0? CHARTS 



The selection charts (figa. 3 and 4) show the effects 
z of separately changing each of the intercooler variables. 

>i The more important of these effect's and the use of the 

\ charts in selecting the most satisfactory values for the 

variables are discussed in the following paragraphs* 

Power e xpenditure .- A discussion of how the power 
expenditure varies is simplified by consideration of. the 
curves of constant Ap e '. The shape of these curves is 
such that they pass through a minimum P 1 . Tor a given 
value of Ap e ' . therefore, the point on the chart that 
represents the intercooler of smallest power consumption 
is easily found. The value of the abscissa ApQ, 1 -,. further- 
more, is essentially the same for the minimum points of 
all of the Ap e ' curves for a given type of intercooler* 
lor tub-alar intercoolers this value is 0.4 and for Harrison 
intercoolers 0.6. • ■ ■ 

Too much Importance should not be attached to select- 
ing intercoolers of lowest power consumpt ion. Power con- 
sumption is not .the only factor to be considered. The 
Ap 0 ' curves have small slopes to the right of the mini mums. 
An intercooler that is represented by a point lying on the 
same Ap e ' curve aad sous distance to the right .of minimum 
P 1 , therefore, does not use a great deal more power than 
the intercooler of- minimum P 1 . Its dimensions and volume 
will,' in general, be more satisfactory than those of the 
intercooler of minimum P 1 . 

Volume and pressure drops .- The charts show how the 
pressure, drops should be chose;n in order that the volume 
of the intercooler be as small as is practicable, Tor a 
given Ap c '. the larger the engine-air pressure drop, the 
smaller the volume. Likewise, for a given Ap e ', the 
larger Ap c 'i the smaller the : volume. As Ap c ' is in- 
creased, however, the curves of constant Ap e ' and con- 
stant v 1 become nearly ■parallel. Consequently, there is 
little advantage in choosing a value for Apc 1 that is 
larger than the value it has when these curves become 
closely parallel. These effects are-illUBtrated . in examples 
II and III. 

Ooollng-alr mass flow .- All the .generalised intercooler 
variables are functions of the temperature, difference J. 
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In particular, for given values of P 1 and v 1 , the cor- 
responding unprimed varieties are proportional to l/£> 
The power consumption and the volume, therefore, will he 
lowest for the smallest values of l/£> Tigure 5 is a 
plot of l/ £ as a function of the dimensionleB-s ratio 
U c /li e with £ as a parameter. Sach curve of- constant £ 

contains a "knee. 11 It Is clear that to the right of the 
knee the va-lue of l/ £ is essentially constant but to 
the left of the knee l/ £ varies rapidly and is also much 
larger. The power expenditure and the volume,- therefore, 
will he much lower when M c /M e lies to the right of the 

knee, where' l/£ is small, than otherwise. The physical 
reason for this fact is that, if l/£- is small, the' tem- 
perature difference 'is large and the cooling surface and 
the volume which the ■ Intercooler must have are relatively 
smalli The power to carry the intercooler is therefore 
also relatively- small. 

An upper limit to U c /lL B 1b set hy any limit that may 
he imposed on the value of L n . Tor a given' Ii n ' , L n 

is proportional to- c 6 . Choice of too large a value 

1/i • - 

for M c /M e results in an excessive value for' L Q . 

Inasmuch -pb l/ £ is nearly constant ln. the region to 
the right of the knee, a close aipr oximat ion to its value 
for use in calculations is at -once obtainable from figure 
5, the -assumption being made that the value of M c /K e is 
greater than its value at tlie knee. The method .of ■ finding 
the exact values of M c /M e and l/ £ will he pointed out 
in the solution of the illustrative examples. 

■■ Jlxed dimensions .- The charts can he Used for ' determin- 
ing' what mass flow of cooling air 1b necessary and what 
the pressure drops will he for an intercooler of given di- 
mensions in order that it he capable of a given rate of 
heat dissipation. (See example 17 ln the following section) 



EXAMPLES 



Illustrations of -the use of • the ■ select ion charts are 
given in the following five examples. In examples I to 17 
Airesearch intercoolers are selected and ln example 7 a 
Harrison intercooler is selected. Some of the effects of 
changing the intercooler variables are discussed along with 
the examples. 
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According to the procedure used In the subject report* 
the selection of an- interoooler is made in three major 
steps by the use of the selection forms at the end of the 
paper and the generalised selection charts (figs* 3 and 4). 
She first step is setting down the design conditions! which 
is accomplished by filling in form 1. The seoond step in- 
volves the computation of the values of the constants in 
the equations that define the generalised variables. These 
constants are functions of the type of intercooler. of the 
internal dimensions of the intercooler, and of the physical 
properties of the fluids* Jigures 6, 7, and 8 are used for 
filling in forms 3 and 3 for Airesearch intercoolers and 
forms 4 and 3 (in that order) for Harrison copper inter- 
coolers. The third step, which involves the use of the 
generalized charts (figs* 3 and 4), is discussed in the 
preceding section and in the examples that follow. In fill- 
ing in form 1, a typical set of design conditions has been 
used. 

Example I.- The problem is to select an Airesearch 
intercooler." The first step is to fill in form 1 with the 
design conditions. The second step is to fill in forms 2 
and a by using figures 6, 7, and 8 and the data of form 1. 
The third step is accomplished as follows: Assume. that the 
limit b allowed on the pressure drops and on L c are as 

given in the first column under Sxample I in table I. - Be- 
cause the dimensions of the intercooler are not known, the 
velocity of the engine air is unknown and. consequently, 
the end lose cannot be calculated in advance. Assume that 
the end loss 1 s 10 pounds per square foot. The maximum 
allowable Ap Q in the tubes is then 60.7 pounds per square 
foot. 

Trom figure 5, estimate that £ = 0.45 for I = 0.578. 
Then, with £ = 0.45, the limit on Ap e ' is as- given in 
table I. In order to obtain a small volume, choose the 
maximum Ap e 1 ; that is, choose Ap e ' = 0.69. In order to 
obtain the lowest power expenditure for this pressure drop, 
choose Ap c ' =0.4, which is the value of Ap 0 ' for tubu- 
lar intercoolers for minimum power, as pointed out previous- 
ly in the -Discussion of Charts. The intersection of these 
two Ap 1 . curves gives the point on the selection chart 
(fig. 3) that represents the intercooler. The values of 
the other generalised variables at this point are as listed 
in table' -I . ■ 

It is well to apply the following checks at this stage 
in the procedure. If the values of the variables have been 
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correctly read from the chart, the following equations will 
be satisfied: 

P 1 = Ap c » + V 

v» = I- 1 L ' L 1 
ecu 

In order to make U c /u e reasonably large, choose the 
maximum L n . Then, from the relation defining X n ' 



L ' = 2 -, ia =1.14 
M c /M e 



and 

M c /M e =1.87 

Tor thiB value of li c /ll e . £ = 0.51 in figure 5. With 
these values of U c /U 0 and £ . the values of the pressure 
drops, the dimensions! and so forth, of the intercooler, 
calculated from form 3, are as given in table I. Idore 
exact values of these variables are found by relocating on 
the chart the point that represents the intercooler, using 
a more exact estimate for the value of £ . This procedure 
gives the resulLs shown in the second column under Example I 
in table I. . The proper values for all of the intercooler 
variables have now been found. 

The end loss (pressure loss at the entrance and at the 
exit of the intercooler) for the cooling air has been taken 
care of in the constants that have been used and is Included 
in the value found for Ap c . The entrance loas for the en- 
gine air i's negligible, inasmuch as the ends of the tubes 
are flared. The exit loss for the engine air is given in 
pounds per square foot by the equation 



o /T + 460 

a p v 

e 



a P V / e 

(1 - f ) -£-5- = 0.066' — 55t 




2 \ Pe t 

\ . ■ re out 

Tor the design conditions given above, the exit 1-obb is 
22/(L c L n )° pounds per square foot. The value of P e is 
given in horsepower by the equation 
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/V + 46o\ 
. . ^r: ■ P.. J* 0 .Op 137.1 . 6 .. j.JCe^Pe 

•■ - ■■ 

?6r" the' given 'darfjigB 'oondlt'iomtf, ::the -.{value ■ of .F e - Jrn - • 
h'tfr s'epdwW -may- be -written I.- j - 1 - , 

■■■■■■■ .: -i-.-f ... ": : " ;. * ' -. 
p e = cue Ap a lj( 

Exaaple ' li . 7 -'' : in order to- illustrate ; the fact that the 
'usierof ;a smaller' "Ap, ■ makes a. larger vplume necessary* an 
''inierobttler-'-it'ill • be-, telect.ed, for, the., fame: conditions .as In 
example*- i .^with- the^ except ion. thai - &p 8 , is only, one-half 
of the maximum value allowable. Assume tfca.t Ap. e , ■' . ^.njclud- 
i.ing .and. vj-oas^r. ip 35. pounds, per. square foot and that Ap ( 
. excluding pjod-.loMi. is., 30 pounds, per' equa're' f o'otv' 
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\"\ ' "Assume - '' '£=' 0.48'." Under' Example II in table I .are 
listed "^h'e- limit's -on the" pressure drops.. e.qn . L,^,- an£- on 

■" Ap,*' .• I Oho'otfi'ng ifPV 1 = 0^.3.6 and , ^p c ' .= 0..4 f ixeB the 

' point' 6-n- ■ -figure 3, 'that represents the int.er.co,o3,er. ., The 
values .otf. vthe 'other- generalised' variables' alj 'this pdin't 
are. a,& ..li.sted., .Choosing* *' 1 3*- ras^t gives U^/U^ 1 . 45. 
a?nd' figure .5 giv.e,s ~£ = : 0«;'46. ( :.The values of the •■'©thef*" vari- 
ables iar.e. as .-.listed.. ..This case ..illustrates ' the fact that 
a - smaller ...,Apq • regu^res the -ftse of a . larger vo'lUme^ In 

.. -example I , , '■ AP e = . *»7« 5 "pounds ' per "squar e'*'jf o6t and' v*=s 5.8 
oubic feet. In example III" Ap e = 34 pounds per- ; eefuare foot 
and v = 7.2 oubic feet, an increase of 24 percent in -volume. 

"■"'•■ ' ;■ . ; .. . ■ : 

- : - < Exam-pie III .- Example i'll^ is given . to illustrate the 
. affects, of the. use. of a larger' , Ap 0 and of too small -a 
: ratio- M c /M^*. "'Ih'r : e^ cases are 1 calculated, for each of which 
£p c . is- chosen ^n advance to be" 23 .&'. pounds per square foot. 
. The, value of". .' Ap^ i's a s sume-'d" J t o« be • 60. 7 : . pounds ' per.- .square 
-foot plup ."an gad' Vo^^'pf 10 poun'd's per square fojpt.-.- » 

. ■■ ' ' 1" ' ■ ■ '•■ ■'«: t t ■: . ...... .- 

■■ ■ .-; ■- - : . . -. .- l ; ■ - 

■. -If ■■■ 

Because' £sp c * "5=' 0.0 60 5 "£ ^ : Ap 0 ' a*'*' betta-use - : Ap-g," 

K ; ■ . . _ e 

■ ■» V mm m I . . . 1 ^ If T " " X *' " 

;^i'as- th J e : -'arflne :; Va-lTfe ■ whil'e \Ap' c ■ i.^ :f abq.u,t "^tVtf'Jtjiiies as 
:i'.la^a;^;i"ia\4xa^pflL'rf c-le«ir- tha-t ■ ¥ '/^^..'.ani "1£ will 

, ■prab'abiyj ( ^.be "'s'm'tQf' 'that} th'e-'^olume -and the.power expendi- 
. tur.'e w£l^ .b«; exce's'sl^ei A '^bst'ltution in- the preceding 
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equation give* £ ;(M 0 /u e ). = .0.2fl. IjLgure 5 then gives 
M c /ll e = 0.91 and £ = 0*31. Then Ap e ' = 0.47. When 

Zip. 1 and Ap' are known, the point on the selection 

■ e , ■ P • 

chart Is fixed. The values of . the other generalised. vari- 
ables are as listed In table I, as are the values of the 
unprlmed variables. 

*m mm ■ * 

It Is seen that, because U c /U e Is to the left of 
the knee, £ I.b small and that, on account of -the small 
temperature difference,^ the necessary surface and volume 
are excessively large. The power expenditure la corre- 
spondingly large-. 

(b) ' In order- to' -obtain- larger values', for- U^/u Q and 
I, choose a larger- Ap 0 -.' . . In' order. t,o ohtaJ.n £ = 0.5, 
make both £ and U c /M e about twice as large as in the 
preceding case. ' Then, "'APq 1 ' will- be' about four times bb 
large, as' in the preceding case.. Choo.se APc ! ^ 1-6- From 
the equation relating . Ap c . and Ap c 1 • £ (M 0 /M B ) =. 1.12; 
-.and, from figure 5-,- .. M C /M B ."=. 3. 10 and .- '£ = 0. 53..., The 

■valu.es' of the' generalised variables and of the correspond- 
ing unprlmed. variables- are. given 1-n table I.. - Both the 
volume and the- power, are considerably lass than .in example 
Jll.Ca) .becau.se of the larger value of. -M c /-Me' The volume 
is altfo less than in example I because of the -larger- value 
of Ap c -' .' . . . ' . . .. 

(c) One more intercooler wi'll be selected under the 
conditions ,of example IJ.I In- order to show that, as li c /n e 

1b increased still further, .the decrease in volume .becomes 
negligible" and become.s" excessive, Choose' AP C ' D . 2.6. 

Then" £(K C /M e ) = 1.BS.- and figure 5 gives M c /ll e = 3.16 

and '£ = 0.58. The values of the othe.r variables are- as 
list-ed In table' I. '• It- is seen that there- is~ only a' 16-per- 
cent decrease in volume and a 35-percent increase in L n 
over the values of example Ilt(-b). 'In fact, r l n " must be 
greater than the 3 feet that had been Bet as a limit. 

• ' " - . - . . . . 

Example 17 .- The purpose of example' IV is to show how 
the charts can be used to ascertain the pressure drops and 
the mass flow of cooling air necessary to obtain a given 
rate of heat transfer in- an inter-cooler of given" dimensions 
1 Assume ' the ■ same" design conditions that were -used- in the 
previous- examples- 'Assume that -the ' Itft ercooler- 'haB- .the fol 
lowing dimensions: 
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L e« 


feet 




foot. 




feet 


v. 


cubic 



1 ■ ■ * * n 

• « « • • ■ ■ • • "W 



1 



6 



Assume that £. = 0.61,' Then , I> e l = 1.30 and v 1 = 3.24. 

Tke. Intersection of. these two curves giveB the point that 
represents the intercooler. The values of the other gener- 
alised Variables at this point are as given in table I. 
Jrom'the known values of L a and L 0 ' and from the equa- 
tion 

V = 2.6i ^ u c ; 

g(M c /il a ) = 0.97 and, from figure \'£',' M c /k e = 1.90 and 

g = 0.51. The values of the necessary pressure drops and 
the power expenditure can now be calculated and are as 
given in table I. 



Hxample V .- Example V illustrates the selection of a 
Harrison copper intercooler. Assume that the intercooler 
is to be chosen for the same design conditions that were 
used in selecting the Airesearch intercoolers in the pre- 
ceding examples. The values of the constants are obtained 
by f ill'ing. in -forms 4 and 3 (in that order). 

Assume . the limits on the pressure drops" and on the no- 
flow dimension as given in table I. - Assume .£ = 0.48. ; - 
Then the Limit on Ap e '- is as given in table L.' Choose. 

Ap e ' = 2.72 and AP C ' =0.6. The values of the other 
generalised variables are then fix-ed and' are -as -given in 
table I'. Ohoo'se Ln = 3 feet.- .Trom. the relation 

■ ■1 i 

' " L ' = = 0.65- i 

Mc ■ ■ ■ ... 

*e 

l£ c /M a =1.57 

- w ■ 

and from figure 5, £ =' 0". 47. The. -values df the pressure 
drops, dimensions* and power expenditure can then be 
calculated and are as given in table I. 
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■_ . The ya^Tiea , of the constants used, in defining,* the gen- 
eralised variables for the Harrison intercooler are such 
that . end. loss is . included in, the , values obta lned , from, the 
chart for AP e and AP a * 



C0NGLUPI5G.EEMAHK8 .. ■ . ; , ... 

» ■ ■ - • . > 

i . ■ / i .'. *■ x.- .... ■ 1 ■ ... -i* . .. i". . '. ■ - v. • :. 

The generalised selection chartB presented for Harrison 
and tubular . inter cool sir's if ac ii ltat e 1 the rigorous" selection 
of . intercoToiers^f or - any Bet of" conditions. - The' charts' bIbo 
show the : effect's of*' varying- t&e ftiffere'ni'intBr'coolBr" char- 
acteristic's* ' The examples given '■ illustrate "the practical 
use of the charts* 

< ':■] ; .v . > m : 

Langley Memorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics* 
» •' • Langl-e'ysIield.-Va. ' -" ■....« 
. „. - . ■ . . .' .' .: - .J- . 

APPENDIX 

~ : . ■ o .. > CONSTRUCTION 07 TH2...QHABTS -:■ 

■'.,.:'•!. * v : ". ■ „ • .i .■: : 

In reference .-5- an analysis was made- of heat exchangers - 
installed in aircraft, end generalised equations were de- 
veloped, that describe- the- performance.;, .of , such h,eat,-. exchang- 
ers*. -.In order, .that these.: equations-may -be need, for. the- 
construction; of - selection charts for ■ specif ic.- tynas .of .heat 
exchanger s . (in this , instance tubular, and Harrison type .. v 
cross-flow intercooler s)j numerical- values must "pe assigned 
to the ' exponent 8 'in the, .prefcsure*dri6p ..and- the;'heat-trail8f er 
equations' used-in the ' development of-'the -1 - generalized - equa- 
tions. Then, in order that the chartB may be used for the' 
selection of intercoolers, numerical , values must be assigned 
to the coefficients in" these' pressure-drop and heat- transfer 
equations* For the flow acr-oas tubes, the pressure-drop 
equation and the heat-transfer equation are, respectively: 
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and . ■:. . . . .". risnfieasiiA 



(3) 



lor the f l.o jr. through jtubeir : -theae. : . equations . are» . reapect ively; 



M-b 

! o Q \ f. rrr — *r 



(3) 



and 



h b D b 
*b 



= o 




(4) 



The beat values for theV exponent s and -the coefficients In 
equations (1) to (4) for two intercoolers are given in the 
following table: 



Intercooler 




Value of 




Value of 


Exponent 


exponent 


Coefficient 


coefficient 


Air esearch, 


■ u 




0.6 


°i 




0.125 


tubular 


V 




.8 


°B 




.049 




X 




.13- 




■ ■ 


.269 




y 




.2 


C 4 




.019 


Harr iaon, 


u 






0 












> .0.8 . 


1 




, 0.11 


copper 


V 


• 












X 


















■ .• 2 






.0247 










h . 

C 4 
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The values for the Airesearch intercooler were found 
from data given In reference 6, in vhich the data pub- 
lished in ref erence's,. 7 \ and 8 eie' correlated. The values 
for the Harrison Inter CQO&Q'r We? e obtained from the data 
published in reference-' 9. 

■ : , sel^et;i b* <shfe r t »v { f i g s : < ■"■ 3- ■ ■ *& nd 40 •' w er e" eWs t ru c t e d' 
from the following generalised equations in which the ex- 
ponents given in the preceding table have been used. The 
Bubscripts c -for- cooling- air' 'mA ■■ e for engine air 
have been substituted, respectively., for the subscripts 
a and b that' appear in .simi'leV" ecus t ions in reference 



5, and v 1 has. been substituted for 
equations for tubular iat ercooler s are: 



The 



pi - v f 



1 * 




O. 886 



£■■ ■ 



vJ = P.«. Ap. c .'.. 



4.7 e 



■J/ 



[•'-(#)•■■]-•'■ 



p« = 1 + 



The equations for HArrison intercooler s : are: 



< i = 



V- 



1 + 



v« - 




1 /3. B 



3 • B 



(5) 



(6) 
(7) 

(8) 
O) 

(10) 



(11) 
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(12) 




- 



(13) 



(14) 



(16) 



(15) 



Por tubular intercoolers, curves of constant Ap 9 ' and v 1 
(fig. 3) were drawn from equations (5) and (6), and curves 
of constant Le'f L 0 ', and L n' (?*£• 3). were drawn from 
equations (6) to (10). Tor Harrison intercoolerst curveB 
of constant Ap Q ' and v' (fig. 4) were drawn from equa- 
tions (11) and (12), and curves of constant L- 1 , L e • , and 



L n > (fig. 4) were drawn from equations (12) to (16). The 
chart for each type of intercooler has been separated into 
two parts for the sake of clarity. 

The definitions of the generalised variables contain 
the constants a x . a 0 ■ a 3 , and a 4 . (in reference 5 these 
constants are designated 0 1( 0 a , 0 D , 9 D , respectively.)- 
These constants are functions of the general type of inter- 
cooler, of the Internal dimensions of the intercooler, and 
of the average physical characteristics of the fluidsi jZi 
p. and Z. These characteristics are, in turn, functions 
only of the average temperatures and pressures pf the fluids 
A large reduction in the amount of numerical- calculation 
necessary to determine the values of these constants for an 
intercooler of a given type and Internal dimensions and for 
a given set of design conditions is effected by plotting 
the constants as functions of the average temperatures and 
pressures of the fluids. A plot of any one of the a 1 a 
could be used only for an intercooler of a given type and 
of given internal dimensions* In order to- obtain plots 
that can be used for intercoolers of any internal dimensions 
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and of any type, the constants B x , B fi , B a • and B 4 are 
plotted. (See figs. 6, 7, and 8.) (The a 1 b can be ob- 
tained from the values of the corresponding B's by mul- 
tiplying by the proper proportionality factors* (See 
forms 2 and 4.) In order that a single plot of B x can 
be used for both tubular and Harrison intercoolers , the 
exponents were averaged. The resulting inaccuracy is neg- 
ligibly small. Ho adjustment of exponents was necessary 
in plotting 6 a , B 3 , and 6 4 . 

Figure 5, which shows the variation of l/ £ with | 
and M c /H e , was drawn from results published in refer- 
ence 10. 
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TABLE I 



VALUES OP INTERCOOLER VARIABLES USED 
•IN EXAMPLES 





EXAM 


PLE 






I 




III 






. Unitt 




First 


Second 


II 








IV 


V 




trial 


trial 




a 


b 










Limit on Ap e 


70.7 


70.7 


35.0 


70.7 


70.7 


70.7 


.... 


70.7 


lb/tq ft 


Limit on Ap c 


23.6 


23.6 


23.6 


23.6 


23.6 


23.6 


m^mm 


23.6 


lb/aa ft 


Limit on Lq 


3 


3 


3 


3 


3 


3 




» 


ft 


T?s.t1 mat*. Ad t 


.45 


.50 


.48 






mm^m 


0.51 


.48 




illlul v on ap A 


.69 


.76 


.36 








m»mm m 


2.72 




AP.' 


0.69 


0.76 


0.36 


0.47 


0.81 


0.89 


0.25 


2.72 






.4 


i4 


.4 


.4 


1.6p 


2.60 


1.60 


.6 




P' 


3.48 


3.42 


3.90 


3.70 


4.06 


4.87 


4.84 


3.06 




v' 


3.08 


3.02 


3.50 


3.30 


2.46 


2.27 


3.24 


2.46 




L c » 


1.51 


1.48 


1.65 


1.60 


2.12 


2.38 


2.52 


1.49 




L ' 
^e 


1.79 


1.82 


1.54 


1.63 


1.66 


1.64 


1 .SO 


« . 91 




Ln' 


1.14 


1.12 




1.27 


.70 


.58 


QO 


. OS 




™c/ ■■e 


1.87 


1.68 


1.45 


.91 


2.10 


3.15 


1.90 


1.57 




t 

i 


.51 


.49 


.46 


.31 


.53 


.58 


.51 


.47 




Ap e less end loss 


53.8 


62.0 


31.1 


60.7 


60.7 


60.7 


19.4 


.... 


lb/aq ft 


End loss 


5.1 


5.5 


2.9 


3.7 


6.8 


8.1 


2.4 




Ib/iQ ft 


Total Ap. 


58.9 


67.5 


34.0 


64.4 


67.5 . 


66.8 


21.8 


70.7 


lb/aa ft 


APe 


6.9 


8.0 


10.1 


23.6 


23.6 


23.6 


27,3 


22.3 


lb/aa ft 




3.4 


2.9 


2.9 


1.11 


2.45 


3.30 


3.0 


3.0 


ft 




.61 


.69 


.95 


2.20 


.73 


.50 


1.0 


.60 


ft 




2.77 


2.93 


2.64 


4.14 


2.47 


2.22 


2.0 


1.54 


ft 




5.75 


5-80 


7.2 


10.0 


4.38 


3.70 


6.0 


2.74 


eu ft 




26.4 


29.6 


36.1 


50.6 


32.6 


35.7 


40.4 


46.0 


hp 


P« 


6.8 


7.8 


3.9 


7.5 


7.8 


8,0 


2,5 


8.2 


hp 


*t 


35.2 


37.4 


40.0 


58.1 


40.4 


43.7 


42.9 


54.2 


hp 



NACA 

Selection Form 1 
(For all intercoolers) 



Quantity 




1 Q A U. v j 


Unit 




Engine power 






j 

Zooo 


hp 




I Engine-air weight flow 




M e 




lb/sec 


j Engine-air inlet temperature 








Op 




Engine-air outlet temperature 


T 

1 e 0 ut 


£?o 


bp 




\ 


Engine-air inlet pressure 






31. 2-5 


in. 


Hg 


r - 

! 


Engine-air outlet pres. (Estimated) 


Pe QUt 


3a 7.5 


in. 


Hg 


Engine -air mean temperature 




e 




Op 


i 
\ 


Engine-air mean pressure 




fe 




in. 


Hg 


r 
\ 


Airplane velocity- 
Altitude 




v o 


G (,0 
"30, ooo 


fps 

"ft" 




r 


Pressure at altitude 







t 

3. 1$ 


in. 


Hg 


r 


Impact pressure " 






2.4% 


in. 


Hg 


i 

(— 


Cooling-air pressure available 







it. Si 


In. 

----- 


Hg 




Cooling-air duct loss 


© 




.£ 




Hg 




Cooling-air inlet pressure 


■p 
as 
E 




It.3(> 


In. 


Hg 




Cooling-air outlet pressure 


■H 

•P 

n 
« 




It. H> 


in. 


Hg" 


r- - 

1 
1 


Cooling-air mean pressure 


nr 

Pc 


II. Zi, 


In. 


Hg 


r 


Temperature at altitude 






— i * 


Op 


jj.Adlabatic temperature rise 




3L 


Op 


S 


Cooling-air inlet temperature 






-12, 


Op 




Cooling-air weight flow 




M c 


1.4 Me, 


lb/sec 


J Cooling-air outlet temperature 


1 




n 


Op 


Cooling-air mean temperature 


CO 

M 


*c 


3 J 


Op 


Engine-air temperature drop 
■; Initial temperature difference 




.51% 




i- 


V/eight factor 






t.<r 




i 


Drag-lift ratio 




c d /cl 


JUjl 






r 
L 


Duct efficiency (cooling air) 




T)C 


/ 







Selection Forr 2 
For Aireeearch tubular- type intercoolera (fig. 2) 





Constant 


Value 


Frox figure 8 at T c and p c 


Pi 


/.of 


800 ^/rjp 






Fro» figure 7 at T c 




l.Ui 


597 (Pa) 2 






From figure 7 at T # 


Pa 


1.173 


2385 p 3 






Fro* figure 8 at T, and p e 


04 


2.44 


2 8> 
* P4 


a 4 




20 « C^/Ci, V 0 


a 5 






«« 


1.39 


4S10ae 
020511, § 


*1 


J 


/oja^j 1-25 


*2 


3.S-Z 


-2.8 
*2 


«3 


33. 1 


_ l.M 


*4 


(. 9 * /o^ 


<*5 



Selection Pons 4 
(Por Harrison copper interooolera (fig. ID 





Conatant 


Value 


Pros figure 6 at 7 e and p" c 






600 pj/T),. 


«1 




Prom figure 7 at ¥ c 




/.<7*/ 


19«4 Ps 


Og 


1710 


Pro« figure 7 at T, 




i 

i.m 


1»M ps 


«s 




Proa figure 8 it T, and p" # 


P4 


UZ 


3.77 p 4 


°4 




60 »V 0 Cd/Cl 




14zo 


1 

(ob/*!) 57 * 




Z.oX 


easoo 6 

«2«5»e £ 


*i 


i.s1 x itr 








if-* 


*3 


10.3. 




*4 





Selection form 3 
(For all tubular-type and all Harrison type intercoolers) 



[Values for Harrison copper Intercoolers] 



Constant 


Value 


Variable 


Generalized 
variable 
(a) 


5 1 • 
<*4 S 3 




Up e 


Ap e « 


1.327),.^ 




M c 
■e 


AP C ' 


w. 

Kg 


3- 5~Z. 


kL e 






3.34 


*c 


V 




./C.3 


a; £ 


V 


«5*1 


i. <fl | 




v« 


550 li 


. /4i 


t(p w +p c ) 


P» 



•Generalised variable = Constant x Variable. 



Selection Porn 3 
(For all tubular-type and all Harrlaon typa intercoolera) 

(Values for Alresearch tubular intercooler^ i 



Constant 


Value 


Variable 


Oenerallied 
variable 
(a) 


a 5 K l M e 
a 4 K 3 




t*P« 




Kjtfc + 460) N« 




j£ Up c 


»Pc' 


5 1 e 


1.21 






5l«e 


2X1 


* rr 


V 


Kl>*e 2 


izo 


I* 


V 


a 5 K l 


l.oi 




v» 


550 


.54 




P» 



'Generalised variable = Constant x Variable. 




Figure 1.- Internal geometry and dimensions of Harrison 
copper intercooler. 



s 



Cooling airr 



o 
o 



o 



O aG 



-Outside diameter, .25" 

0 X O X 0-W7// thickness,..OI" 
o O o ^ 



Q 



■-/.£© 




Figure 2.- Internal geometry and dlmenaions of Airesearch 
tubular aluminum intercooler. 
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Fig. 3a 




Figure 3.- Generalized selection chart for tubular intercooler s. 
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Fig. 3b 
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Figure 3.- Concluded. 
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Fig. 4a 




Figure 4.- Generalized selection chart for Harrison intercoolers. 
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Fig. 4b 




Figure 4.- Concluded. 
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Figure 7.- Variation of ft? and £3 with mean 
temperature for Harrison and 
tubular intercoolers. 
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